Inhibition of heat shock protein 90 (HSP90) leads to inappropriate processing of proteins involved in cell survival pathways. We found that HSP90 inhibitor, 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin (DMAG), is synergistic with radiation for non-small cell lung cancer cell lines, NCI-H460 and A549. To establish the optimal schedule for this combination, cells were radiated before, after, or simultaneously with DMAG, and survival was scored by clonogenic assay. The sequence of DMAG administration was critical for synergy with radiation, and pretreatment for 16 h led to maximal synergy. Similar radiosensitization was observed in isogenic cells in which expression of wild-type p53 was silenced by RNA interference, although p53 loss rendered cells overall less radiosensitive. The mechanistic basis for synergy was studied by Western blotting, cell cycle analysis, alkaline comet assay, and direct measurement of the activities of key base excision repair enzymes. Regardless of schedule of administration, DMAG led to degradation of proteins involved in activation of cell survival pathways after radiation, which did not explain the differences in the schedule of administration observed in clonogenic assays. In addition to previously reported decrease in activation of ATM, pretreatment with DMAG blocked activation of base excision repair machinery and activity of key enzymes, apurinic/apyrimidinic endonuclease, and DNA polymerase-B.
Introduction
Heat shock protein 90 (HSP90) is a molecular chaperone required for conformational folding of many proteins. HSP90 is important for stabilization and trafficking of tyrosine and serine/threonine kinases that are activated in response to genotoxic stress, including those that are essential for survival of cancer cells (1) . The naturally occurring ansamycin antibiotic geldanamycin (GA; NSC 122750) has been known to have anticancer properties since the 1980s (2) . Although originally believed to function as a kinase inhibitor, it was subsequently discovered that GA blocks the ATP-binding pocket of HSP90 protein in active conformation (1) . Several inhibitors of HSP90 have been developed recently, including related benzoquinone ansamycin agents, and some are undergoing clinical trials. The recently developed GA analogue 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin (DMAG; NSC 707545) is a hydrophilic GA derivative that can be administered orally with good bioavailability and better activity in vitro and in vivo than its predecessor, 17-allylamino-17-demethoxygeldanamycin (3, 4) . DMAG is currently in phase I/II clinical trials but has yet to be tested in patients in combination with radiation or other chemotherapeutic agents.
Radiotherapy following surgical resection and chemotherapy are done with curative intent for patients with limited stage non-small cell lung cancer (NSCLC), but radiotherapy provides only marginal improvement in survival (5) . The development of novel radiosensitizers is an active area of research, and many agents, effective in preclinical testing, are currently in clinical trials. The molecular determinants and optimal schedules for combination of HSP90 inhibitors with radiation have not been rigorously addressed.
We recently described that treatment schedule is critical for combination of DMAG with doxorubicin, as an example of DNA-damaging agent, in lymphoma cells (6) . DMAG added 24 h after treatment with doxorubicin led to mitotic catastrophe and cell death with significant synergy regardless of p53 status, whereas loss of synergy, and even antagonism, was observed when DMAG was administered simultaneously with or before doxorubicin. The synergy required destabilization of a critical component of cell cycle progression, the checkpoint kinase CHK1 (6) .
Here, we show that radiosensitization of NSCLC cells requires pretreatment with DMAG. In addition to previously noted inhibition of ATM in prostate cell lines (7), we established that DMAG impairs DNA repair in NSCLC lines at multiple levels, including inhibition of ATM and base excision repair (BER) machinery. Optimal scheduling of DMAG before radiation was only partially dependent on functional p53.
Materials and Methods
Reagents and Cells NSCLC cell lines, NCI-H460 and A549, were obtained from the American Type Culture Collection and cultured in RPMI 1640 supplemented with 10% fetal bovine sera, penicillin/streptomycin, and glutamine at 37jC in 5% CO 2 . HSP90 inhibitor, DMAG, was obtained from the Cancer Therapy Evaluation Program, National Cancer Institute, stored in aliquots at -20jC as 10 mmol/L solution in DMSO, and diluted in media immediately before use. ATM inhibitor, KU55933, and apurinic/apyrimidinic endonuclease (APE1) inhibitor, CRT0044876, were obtained from Calbiochem.
Stable p53 knockdown (p53KD) isogenic cell line pairs from wild-type p53 (wtp53) expressing H460 and A549 cells were generated using pSUPER.retro.puro (Oligoengine) retroviral construct with short-hairpin shRNA sequence against human p53 (p53KD) or a scrambled (SC) sequence (8) . Plasmids were introduced into Amphopack 293 cells using LipofectAMINE 2000 (Invitrogen). Fresh viral supernatants were collected, filtered, and applied to the target cells in the presence of 1 Ag/mL polybrene. After 48 h, cells were selected by incubation with 0.5 Ag/mL (H460) or 1 Ag/mL (A549) puromycin (Sigma). Silencing of p53 was verified by Western blot showing p53 accumulation in response to doxorubicin.
Clonogenic Survival Assay Preliminary studies were conducted to optimize the number of cells plated in clonogenic assays, aiming for 100 colonies per well. Cells were plated by triplicate on 6-well or 100-mm tissue culture plates and treated within 24 h. Cells were irradiated using a cesium-137 chamber at 1.7 Gy/min at indicated times simultaneously, before, or after exposure to DMAG, APE1, or ATM inhibitors. Colonies were fixed and stained with 0.5% crystal violet, and the number of colonies containing at least 50 cells, as examined by microscopy, was recorded 12 to 14 days later. Plating efficiency was calculated as the number of colonies divided by number of cells plated and normalized to the average plating efficiency of untreated samples, which was between 0.6 and 0.8. The average of these values was reported as ''surviving fraction.'' SD of the normalized values were calculated accordingly.
Cell Cycle Analysis Cells at 60% to 80% confluency were exposed to radiation or DMAG as described above, fixed in 70% ethanol, stained with 50 Ag/mL propidium iodide (Sigma) in the presence of 50 Ag/mL RNase (Roche), and analyzed by flow cytometry using FACSCalibur (Becton Dickinson). Data were collected with Cell Quest Pro software (Becton Dickinson) from no fewer than 10,000 cells and analyzed with FlowJo.
BER Enzymatic Assay
The activities of each of the following BER enzymes, alkyl adenine DNA glycosylase, APE1, and DNA polymerase-h (Pol-h), were examined in whole-cell lysates using oligonucleotide-based assays (9 -11) . Enzymatic activities were expressed as femtomoles of oligonucleotide per microgram of protein per minute based on 100 femtomoles uncut product added to each reaction (10) .
Alkaline Comet Assay The comet assay was done essentially as described (12) . Cells exposed to DMAG for 16 h were irradiated and the drug was removed immediately after. Three thousand cells were scraped into ice-cold PBS at indicated times and suspended in 150 AL NuSieve GTG at 42jC and 50 AL cell mixture was distributed in triplicate circles of a Comet slide (Trevigen). Agarose was allow to solidify for 20 min at 4jC, and cells were lysed for 1 h in 2.5 mol/L NaCl, 100 mmol/L EDTA, and 10 mmol/L Tris (pH 10.0-10.5) with freshly added 1% (v/v) Triton X-100 and 10% (v/v) DMSO. The slides were incubated in alkaline buffer [300 mmol/L NaOH and 1 mmol/L EDTA (pH >13)] for 30 min, and DNA was electrophoresed for 23 min at 25 V (0.90 V/cm) and 300 mA. The buffer was neutralized with 0.4 mmol/L Tris (pH 7.5), slides were fixed for 10 min in 100% ethanol, and DNA was stained with ethidium bromide (20 Ag/mL). Images of 50 randomly selected cells were analyzed using High Capacity Slide Analysis System Software version 2.2.2 (Loats Associates) for percent DNA damage and tail moment.
Immunoblot Cells at 60% to 80% confluency were exposed to radiation or DMAG as described above and processed for Western blot analysis as published (6) using the following primary antibodies: p53 (Ab-6) from Calbiochem; HSP70, AKT, and CHK1 from Cell Signaling Technology; ATM and phosphospecific ATM(S1981) from Rockland Immunochemicals; Pol-h from Biomeda; and APE1/REF-1 from Trevigen. Antibodies were visualized after horseradish peroxidaselabeled secondary antibodies (Amersham) by enhanced chemiluminescence reagent (Amersham).
Results

NSCLC Cells Are Relatively Resistant to DMAG Alone
Studies of the pharmacokinetics of DMAG in patients have shown a peak plasma concentration of 36 ng/mL (55 nmol/L) DMAG with a half-life of 19 h after a single i.v. injection of 1.0 mg/m 2 (13) . Two-fold higher oral and i.v. doses are currently used in clinical trials. To find the dose of DMAG to be used in clonogenic studies, we examined the effect of an overnight exposure to increasing concentrations of DMAG alone or in combination with radiation ( Fig. 1A) . In spite of previously reported sensitivity of leukemia and melanoma cell lines (3), the NSCLC HSP90 Regulates Radiation-Induced DNA Repair cell lines were relatively resistant to DMAG alone, with IC 50 = 83 nmol/L, but showed decreased survival when exposed to DMAG before low-dose (2 Gy) radiation. Taking into consideration pharmacokinetics of DMAG in humans and rodents (13, 14) and the results from our assays, we selected 100 nmol/L DMAG as the dose for further studies.
DMAG Sensitizes NSCLC Cells to Radiation Clonogenic survival assays were done to examine whether DMAG is a radiosensitizing agent for NSCLC and whether the schedule of administration modulates efficacy of DMAG. H460 cells were irradiated simultaneously or after 8 or 16 h of pretreatment with DMAG ( Fig. 1B and C) . The schedule of administration had substantial effect on radiosensitization, especially at z4 Gy. Maximal efficacy was observed in cells pretreated with DMAG for 16 h before radiation, whereas simultaneous exposure was less effective. Pretreatment with DMAG for 8 h or radiation before addition of DMAG were substantially less effective ( Fig. 1B ; data not shown). Similar observations were obtained using A549 cells, although these cells are more resistant to radiation and, consequently, to the combination therapy. Differential radiation sensitivity of A549 and H460 cells has been noted previously (15) . The maximal radiosensitizing effect of DMAG was also achieved when A549 cells were irradiated after 16-h exposure to DMAG (Fig. 1C) .
Radiosensitization by DMAG Is Only Partially Dependent on Functional p53
Deletion and mutations of the p53 tumor suppressor gene are associated with resistance to radiation and other therapies. Both cell lines used in this study express wtp53. To test the effect of p53 loss on DMAG-mediated radiosensitization, we generated isogenic cell lines in which wtp53 expression was silenced by RNA interference. The p53 protein has a short half-life; however, it is stabilized through post-translational modifications on DNA damage. Efficient suppression of p53 stabilization after exposure to doxorubicin was apparent in H460 cells transformed with p53 shRNA (H460 p53KD) compared with cells expressing scrambled shRNA sequence (H460 SC; Fig. 2A ). Loss of p53 was associated with reproducible, albeit modest, radioresistance compared with cells expressing scrambled shRNA (Fig. 2B) . Radiation, administered after a 16-h exposure to DMAG, decreased clonogenic survival of isogenic cell types in response to low doses of radiation, although p53KD cells were more resistant to higher doses of radiation (Fig. 2B) . Similar results were obtained using A549 SC and A549 p53KD cells (data not shown). Thus, although cells with wtp53 are more responsive to combination therapy, radiosensitization by DMAG does not require functional p53.
To understand the molecular mechanisms of scheduledependent radiosensitization by DMAG and their relation to p53 status, we examined early and late changes in cell cycle in cells that express wtp53 (H460 SC) and in H460 p53KD cells. Cells that express wtp53 usually undergo G 1 -S and G 2 -M arrest after DNA damage, whereas p53-deficient cells bypass G 1 -S arrest and accumulate in G 2 -M which is transient, and cells eventually reenter the cell cycle. Consistent with previously reported 20-h doubling time (16) , radiation led to G 2 -M arrest within 24 h of wtp53 H460 cells, which was maintained for 48 h. In contrast, there was a transient accumulation in G 2 -M of p53KD cells, and cell cycle recovered by 48 h. Exposure to DMAG alone led to a loss of S phase and accumulation of cells with G 2 -M followed by recovery at 48 h in both cell types (Fig. 2C) . It is important to note that DMAG is not a DNA-damaging agent, and its effects are fully reversible once the agent has been removed. For experiments shown in Fig. 2 , cells were exposed to DMAG for 16 h, culture medium was replaced, and samples were analyzed 24 h after the beginning of the experiment (that is, 8 h after removal of DMAG). There was no significant increase in sub-G 1 DNA content, a marker of apoptotic cell death, with single agent, or after simultaneous treatment of radiation with DMAG. In contrast, pretreatment with DMAG induced a sustained G 2 -M arrest and the appearance of a fraction of cells with sub-G 1 DNA content in wtp53 and p53KD cell types. The sub-G 1 fraction was in the range of 12% to 20% in independent experiments without significant differences between H460 SC and p53KD cells. The difference between the amount of sub-G 1 fraction and clonogenic survival data is because clonogenic assays measure the combined ability of single cells to repair DNA, survive, and form colonies, whereas sub-G 1 fraction shows only the immediate response to DNA damage.
Effects of HSP90 Inhibition on Cell Survival Pathways Activated by Radiation
To determine the molecular mechanisms of enhanced cell death after pretreatment with DMAG, we examined changes in protein levels of AKT and CHK1, two key regulators of survival and cell cycle control. Both proteins require active HSP90 for proper folding and stability (17, 18) , and their inhibition has been associated with decreased cell survival after radiation (19, 20) . We compared these changes between cells that express wtp53 (H460 SC) and p53KD. Expression of AKT and CHK1 was decreased in cells exposed to DMAG regardless of schedule of administration in relation to radiation (Fig. 3) . No substantial differences were observed between cells isogenic for p53 expression. As expected, both cell types had compensatory induction of HSP70, a functional indicator of HSP90 inhibition (21) . Thus, in spite of significant scheduledependent differences in cell survival, there were no differences in the short-term effects of DMAG on expression of key proteins involved in survival after radiation.
Pretreatment with DMAG Impairs Radiation-Induced DNA Repair
Because depletion of key HSP90-regulated cell survival can cell cycle progression proteins did not explain the difference in radiosensitization observed by changing the schedule of exposure to DMAG, we examined whether DMAG interferes with the kinetics of radiation-induced DNA repair. We did an alkaline comet assay, a sensitive method for quantifying both single-strand and doublestrand DNA breaks (22, 23) . Consistent with a published report (7), radiation induced a transient surge in DNA repair in H460 cells with subsequent decline in percent total DNA damage below baseline. Pretreatment with DMAG significantly enhanced this effect with persistent DNA damage over 2 h (Fig. 4A) . Tail moment, a measure that takes into account the amount of DNA damage per cell, was also increased in DMAG-treated cells and maintained for up to 2 h above the level induced by radiation alone (Fig. 4B) . In a separate set of experiments, we found that percent DNA damage and tail moment returned to baseline levels by 4 h (data not shown). There was no difference in DNA damage compared with radiation alone when cells were treated simultaneously with DMAG and radiation or in cells that received DMAG 24 h after radiation (data not shown).
A previous report showed reduced phosphorylation of ATM in response to 4 Gy radiation in prostate cells preexposed to another HSP90 inhibitor, 17-allylamino-17-demethoxygeldanamycin (7), which indicated inhibition of double-strand break DNA repair. Although we used lower doses of radiation (2 Gy) that lead mainly to oxidative damage with only few DNA breaks, we detected an increase in ATM phosphorylation within 30 min (Fig. 4C ). Cells pretreated with DMAG had a decrease in phospho-ATM following radiation. A compensatory accumulation of HSP70 is included for comparison (21) . These data support that DMAG interferes with activation of ATM-mediated DNA double-strand break repair in response to radiation. DMAG Blocks Radiation-Induced Activation of BER To determine the mechanism of synergy between DMAG and lower doses of radiation that induce predominantly oxidative stress and DNA repair by activation of BER, we measured the activity of three key enzymes involved in BER: alkyl adenine DNA glycosylase, APE1, and Pol-h. The enzymatic activities of APE1 and Pol-h were increased within 1 h after radiation (Fig. 5A and B) , whereas activity of alkyl adenine DNA glycosylase was not changed (data not shown). All enzymatic activities returned to baseline within 4 h of radiation. Peak activation of APE1 was observed after 2 Gy (Fig. 5A) , whereas activation of Pol-h was higher after 1 Gy (Fig. 5B) . Exposure to DMAG before radiation suppressed activation of both enzymes. Under these experimental conditions, Pol-h and APE1 protein levels were unchanged (Fig. 4C) . These data indicate that their stability is not regulated by HSP90.
To examine whether inhibition of BER and ATMmediated DNA repair mimic the effects of DMAG on H460 cells, we used two recently developed specific inhibitors: APE1 inhibitor, CRT0044876 (24) , and ATM inhibitor, KU55933 (25) . Because APE1 activation is essential for removal of damaged bases generated by oxidative stress and it regulates the activity of Pol-h, which fills the gap, inhibition of APE1 is a key for activity of both enzymes (26) . As shown in Fig. 5C , CRT0044876 significantly enhanced the effect of 2 and 4 Gy radiation. In addition, pretreatment for 4 h was better than 2 h, and simultaneous treatment was virtually ineffective. Addition of APE1 inhibitor after radiation had no effect (data not shown). Interestingly, ATM inhibitor KU55933 was more effective when added 2 h rather than 4 h before radiation, which may reflect rapid turnover of activated ATM in response to DNA damage (data not shown).
Discussion
Several distinct lines of evidence indicate that the effects of radiation are significantly enhanced by HSP90 inhibitors if these agents are added before radiation. We established that DMAG blocks two independent DNA repair mechanisms, BER and double-strand DNA repair mediated by ATM. Although HSP90 inhibitors block multiple survival pathways, we propose that the schedule-dependent effect on radiosensitization is due to inhibition of DNA repair pathways, and it is only partially dependent on functional p53.
Depletion of several components of survival pathways, known to be regulated by HSP90 inhibitors, were previously proposed to mediate radiosensitization by these agents (27) . We found that depletion of AKT and other survival and cell cycle checkpoint components were evident within 24 h regardless of schedule of DMAG administration. Nevertheless, the maximal effect on overall long-term survival was observed only when DMAG was administered overnight before radiation. Thus, inhibition of survival pathways is likely to contribute to, but cannot solely be responsible for, the significant differences in radiosensitization observed with different treatment schedules.
Chemotherapeutic agents and radiation activate several overlapping and unique signal transduction pathways that Mean F SD. C, effect of APE1 inhibitor, CRT0044876, on clonogenic survival of cells exposed to 2 and 4 Gy radiation. Cells were exposed to CRT0044876 simultaneously with radiation (dashed line, squares ), 2 h before (solid line, circles ), or 4 h before (solid line, triangles ) radiation. Results are normalized to cells exposed to CRT0044876 alone. Mean F SD of triplicate samples from two independent experiments. lead to cell cycle checkpoints, DNA repair, and apoptosis. The advantage of using HSP90 inhibitors as radiosensitizers is that these agents impair multiple intracellular survival pathways activated in response to radiation, such as abrogation of G 2 arrest (28) and delay DNA repair after high doses of radiation. The multiple types of DNA damage induced by radiation are reviewed elsewhere (29 -31) . Most DNA damage induced by low, clinically achievable, doses of g irradiation, such as 2 to 4 Gy in vitro, are secondary to oxidative stress and formation of free radicals leading to a rapid activation of BER machinery. Oxidative stress leads to release of free bases from DNA generating strand breaks with various sugar modifications and abasic sites. It has been estimated that endogenous reactive oxygen species result in f2 Â 10 5 base lesions per cell per day (31) Recent data indicate that removal of damaged bases by DNA glycosylases is followed by formation of a single-strand break by APE1. APE1 regulates the recruitment and activity of Pol-h, which subsequently fills the gap (26) . Recent information indicates that the next step is formation of an active complex at replication forks in cycling cells that contain other components of BER, DNA protein kinase, and cyclin A (32) . Cells pretreated with DMAG were unable to activate APE1 and, subsequently, Pol-h, critical components of BER. The decrease in cell survival and the delay in removal of AP sites were reproduced by pretreatment with APE1 inhibitor, CRT0044876, before radiation. These findings are novel and indicate that DMAG impairs BER in response to ionizing radiation. Because activation of BER does not involve p53, these findings may explain why the effect of DMAG was similar in H460 SC and p53KD cells following lower doses of radiation.
The mechanisms of BER activation in response to ionizing radiation and other injuries are not well defined. Increase in APE1 and Pol-h protein levels was observed in some, but not other, studies (9, 33) . We found no change in APE1 or Pol-h protein levels in cells exposed to radiation and no destabilization of these proteins in response to DMAG. Post-translational modifications or intracellular trafficking have been proposed to regulate radiationinduced activation of BER, but there are no reports supporting these hypotheses. Further studies are needed to establish whether inhibition of BER is an additional target for cancer therapies.
In contrast to the effects of ionizing radiation, higher doses of radiation lead to double-strand DNA breaks, and this type of DNA repair is predominantly mediated by ATM pathway (31) . We found that ATM phosphorylation was evident even after 2 Gy of radiation, and this response was blunted by pretreatment with DMAG. These data are consistent with a previous report that ATM phosphorylation after 4 Gy of pancreatic cancer cells is decreased by pretreatment with another HSP90 inhibitor, 17-allylamino-17-demethoxygeldanamycin (7). We found no change in total ATM protein that indicates no protein degradation. Thus, similar to the regulation of APE1 and Pol-h, DMAG may interfere with ATM intracellular trafficking or activation of upstream signal transduction pathways.
Inactivation of p53 is known to contribute to radiation resistance because p53 is critical for activation of ATM and cell cycle arrest. We found that functional p53 is not required for radiosensitization induced by DMAG. The discrepancy of our data with a recent report indicating that a HSP90 inhibitor, 17-allylamino-17-demethoxygeldanamycin, is more effective in cells with wtp53 compared with cells with mutant p53 (21) may be because higher doses of radiation were used in that study as well as a less effective treatment schedule. In that study, cells were irradiated 30 min after addition of 17-allylamino-17-demethoxygeldanamycin, which may be comparable with our simultaneous or postradiation schedule. Our findings that p53 depletion only partially contributes to cell survival are consistent with the critical role of BER, which, in contrast to ATM-mediated DNA repair, is not dependent on functional p53.
''Oncogene addiction,'' a term that describes tumor cells that are more sensitive to inhibition of constitutively active growth-promoting pathways than are normal cells, is well documented for several oncogenes and tumor types. More recently, it has become apparent that tumor cells are protected by multiple pathways that communicate through ''cross-talk.'' Therapies that focus on an individual molecule or pathway are often less effective than those which simultaneously target multiple pathways. Multiple prosurvival and DNA repair pathways must be inhibited to improve the outcome and maximize the benefit from each agent. Current strategies for enhancing tumor radiosensitivity are focused on combining radiation, which induces activation of prosurvival and DNA damage repair pathways, with molecularly targeted therapies that interfere with both processes. Although inhibition of cell survival pathways contribute to overall efficacy of HSP90 inhibitors, DMAG is most effective as radiosensitizer when administered before radiation because of its suppression of DNA repair at multiple levels, including BER and ATMregulated pathways. Combining radiation with HSP90 inhibitors is an attractive option for future clinical trials.
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